The estimation of a model of the foundation of a rotary machine has been recently attempted by using the difference between two sets of response data at some of the bearing locations from two consecutive rundowns of the machine, with and without known unbalance weights at certain positions on the two balance discs of each rotor respectively. However, it would be a great advantage to be able to perform the estimation with a single rundown. Due to practical restrictions in performing such testS (accessibility, costs etc.), there are cases in which data for only one rundown are available. In this case, the unbalance configuration is unknown and has, therefore, to be estimated, in addition to the unknown foundation model. Due to the special form of the unbalance force, this overall inverse problem can be solved by eliminating the unbalance configuration from the model estimation process. The remaining equation to estimate the foundation model consists of the projection of the response data, where the associated projector depends on the foundation model parameter. First results using the method, applied to a laboratory test rig and to a commercial turbo-generator, are presented. 
INTRODUCTION
The successful condition monitoring of generators in modern power stations can be significantly enhanced by reliable mathematical models of the complete machines. Although sufficiently reliable models of the rotor and the bearing are well established, the influence of the foundation on the machine dynamics is not yet fully understood. In recent years several attempts have been made to model the foundation by finite elements, but due to the complexity of the foundation those attempts revealed unsatisfactory results (Lees and Simpson, 1983) . 454 
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Mathematical modelling is always purposeorientated (Natke, 1995) . In case of foundation modelling the purpose is not focussed on estimating foundation mass and stiffness but to establish a foundation model which reproduces the contribution of the foundation to the dynamic of the entire system with sufficient accuracy. The criterion for the quality of the model estimate is the fit between calculated model response and measurement. In order to determine the contribution of the foundation to the rotor's dynamic behaviour, the realvalued symmetric matrices Ar of a frequency filter model* (for example Mottershead and Stanway, 1986) N F(co) (jco) Ar E C nxn (1) r=0 have to be estimated using response data at the bearing locations during a machine rundown covering a frequency range c E 2. Note that the matrices Ar have to be symmetric because Maxwell's Theorem of Reciprocity must hold true. Although F results analytically from dynamic condensation (see Appendix A), Ar can be assumed to be realvalued because the damping contribution of the foundation is negligible. Assembling the np'= n(n + 1)(N + 1)/2 independent entries of the matrices Ar in one vector x Rn, the dynamic stiffness matrix F(c, x) can be understood as a function of the model parameter vector (see Appendix B) . For given model parameters x, F(c,x) maps the response u(co) C to the forces fB(co) C at the bearing locations. The latter can be calculated as fB(co) Q(co)u(co) + C(co)p, (2) since the matrices Q(co) and C(co) depend only on the models of the rotor and the bearings, as shown in Appendix A. The real-valued vector p R d represents the unbalance configuration and consists of the masses, the eccentricities and the angles between the positions of the masses on the balance discs and the shaft marker. Using for u(co) the difference of the responses of two consecutive rundowns, with and without balance weights, the parameter vector x can be estimated from F(co, x)u(co) fB(co).
This method of estimating a foundation model has been discussed in several papers, for instance Lees (1988) , Zanetta (1992), Feng and Hahn (1995) , Vania (1996) , Smart et al. (1996) , Lees and Friswell (1997) , Friswell et al. (1997) and Prells et al. (1997, 1998) . However, the applicability of this method is based on two major requirements:
(1) the unbalance configuration p has to be known, 
The symmetric and idempotent matrix P(x) is the projector into the subspace spanned by V(x) and N(x) is the projector into the orthogonal complement. Since N(x) varies with x this method is sometimes called variable projection method (see for instance Golub and Pereyra, 1973; Krogh, 1974; Kaufman, 1975 . In the next section, the existence, uniqueness and stability of the solution are explored, and the numerical and computational aspects of the estimation procedure are explained.
THE ESTIMATION PROBLEM
The existence of a solution depends essentially on two conditions"
(1) the projectors must be non-trivial, i.e. P(x) I2m,,', or (13) Ilxll q with the positive scalar q >> Q(w)[I, Vco E f. In the first limit case, the frequency response function reflects only the contribution of the rotor/bearing model, whilst in the second case the influence of the rotor/bearing model contained in Q is negligible, and the contribution of the rotor/bearing model to the response is only due to the matrix C. Plotting the peaks of the response function Z(co, x) for some cases Ilxll [0, q] , using a simple initial foundation model is useful in deciding the appropriate model degree N. Of course, this choice is closely related to the stability of the estimates, i.e. the sensitivity of the estimates with respect to data errors.
The stability of the estimates depends on three points:
(1) the moderate choice of the degree of the filter model, (2) the condition of the matrix V(x), (3) the dimension of span(V(x)) relative to the dimension of x.
These are related in their effect on the foundation parameter estimates. As already mentioned, one has to analyse the data in order to choose an appropriate degree of the filter model. However, data are always corrupted by noise, thus deciding which peaks are real and which are due to noise is rarely simple. In the case that foundation and noiserelated peaks are of comparable magnitude, frequency filter models of different degrees will lead to the same order of equation error. To avoid nonunique estimates, those data which are most noise corrupted have to be excluded from the estimation process. This can be done by introducing a moderate weighting, or simply by using only those data (1) on the number of parameters to be estimated, (2) on the number of frequency points and (3) on the quality of the initial parameter vector.
The choice of the initial model parameter is a difficult task, since, in general, the foundation model estimation is a 'black-box problem', i.e. no a priori model is available. In order to find an appropriate initial parameter vector Xini, it is suggested to start with a 2nd order diagonal frequency filter model F(,Xini). This simple model is then optimised in a pre-process by maximising the number ofpeaks of V(xini) within the frequency range f, using the limit cases defined by Eqs. (12) Figure 4 shows the data (dotted) and the calculated model C responses (solid).
Although the model response does not fit precisely, the overall shapes of the spectrum are reproduced. Due to the relatively low degree of the frequency filter model, no better fit was expected, u() The necessity of using a frequency filter model of higher degree was confirmed by the corresponding unbalance estimate: the values were too large to be physically realistic. It is also possible that the algorithm has found a local minimum. The use of a frep quency filter model of higher degree would lead to an increase in the overall computation time. The first attempt to estimate np= 2100 parameters of a Q() frequency filter model of degree N 6 was cancelled C(a) after 4 days of execution time because no significant improvement of the cost function value could be ei found.
CONCLUSIONS
A method has been applied to a high-dimensional parameter estimation problem for the estimation of a rotor foundation model in the case of incomplete measurements and unknown unbalance regimes. The usability of the method has been tested by two practical applications: an experimental test rig and an industrial power turbo-generator. Although the results are so far encouraging, the computational problems encountered require further investigation. Errors in estimating turbo-generator foundation parameters. 
The unbalance force has the form fU(OO) C02Ip, 
which enables the response of the foundation at the bearings to be calculated, if the dynamic stiffness matrix F of the foundation and the unbalance configuration p are known: Economic and environmental factors are creating ever greater pressures for the efficient generation, transmission and use of energy. Materials developments are crucial to progress in all these areas: to innovation in design; to extending lifetime and maintenance intervals; and to successful operation in more demanding environments. Drawing together the broad community with interests in these areas, Energy Materials addresses materials needs in future energy generation, transmission, utilisation, conservation and storage. The journal covers thermal generation and gas turbines; renewable power (wind, wave, tidal, hydro, solar and geothermal); fuel cells (low and high temperature); materials issues relevant to biomass and biotechnology; nuclear power generation (fission and fusion); hydrogen generation and storage in the context of the 'hydrogen economy'; and the transmission and storage of the energy produced.
As well as publishing high-quality peer-reviewed research, Energy Materials promotes discussion of issues common to all sectors, through commissioned reviews and commentaries. The journal includes coverage of energy economics and policy, and broader social issues, since the political and legislative context influence research and investment decisions. 
